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As the primary actuator in the human body, research aimed at understanding the mechanical 54 behavior of skeletal muscles has been performed for more than a century (e.g. 14)
. From this 55 wealth of research, it is now clear that, even when passive, skeletal muscles have very complex 56 mechanical behavior, and are anisotropic, nonlinearly viscoelastic tissues (e.g. 34, 87, 88) . 57 Skeletal muscle's anisotropy (different mechanical behavior in different directions) arises from its 58 anisotropic microstructure, with the parallel myofibers arranged into fascicles. Nonlinear 59 viscoelastic behavior in skeletal muscle can be observed from an increasing apparent 'stiffness' 60 as muscles are stretched (i.e. nonlinear elasticity) and reduction in the force in a stretched 61 passive muscle over time (i.e. viscoelastic relaxation). This behavior is thought to arise from 62 similar sources as in other soft tissues, namely the inherent nonlinear viscoelasticity of 63 constituents, interactions between these constituents, and progressive recruitment of these 64 constituents under load. 65 66
While the focus of this mini-review is the passive properties of skeletal muscle, contractions alter 67 the mechanical properties of muscle. Active muscle properties are beyond the scope of this 68 review. However, muscle contractions can also alter the subsequent passive properties in some 69 circumstances. For example, a muscle contraction can induce a small amount of thixotropy post-70 contraction, where a muscle appears stiffer until an apparent 'yield stress' is overcome (71) 71 during subsequent passive elongation of the muscle. 72 73
In the last 30 years, researchers' attention has turned to methods to make measurements of 74 muscle mechanics in vivo, as these are thought to better represent 'real world' conditions, and 75 recently, imaging technology has begun to enable in vivo measurements. However, the complex 76 mechanical behavior of muscles gives rise to several practical and methodological challenges for 77 research in human muscle mechanics, particularly for the image-based methods that we focus on 78
here. Many of these are discussed in more detail throughout this review, but they include the 79 need to carefully control the deformation or loading state of a muscle and ensuring that a muscle 80 is truly passive during measurements, as both make substantial differences to the mechanical 81 parameters obtained. 82 83
This review outlines four key image-based methods that have been used to quantify skeletal 84 muscle mechanics, and aims to provide critical evaluation of their strengths and weaknesses, and 85 applications in both healthy subjects and patient groups. The first of these is magnetic resonance 86 elastography (MRE), which relies on transmission of an external vibration to the muscle, using 87 MRI to measure the resulting propagation of displacement waves in the tissue. Maps of shear 88 modulus are then calculated. The second, ultrasound shear wave elastography, is based on 89 similar principles, but uses ultrasound rather than MRI. Both these methods rely on the physics 90 of wave propagation through elastic or viscoelastic media, where wave speed is related to the 91 mechanical properties of the material, with waves traveling faster through stiffer material. In 92 strain-based ultrasound elastography, the effect of the sonographer compressing the tissue with 93 the transducer is used to create qualitative stiffness maps, relying on the principle that stiffer 94 tissue regions will deform less than softer regions. We focus here on quantitative methods and 95
will not further discuss strain elastography. Thirdly, diffusion tensor imaging gives insight into the 96 microstructure of the muscle, by quantifying the diffusion of water molecules within the tissue, 97 and relies on this being different along the direction of muscle fascicles than perpendicular to it. 98
Most of these methods provide quasistatic measurements of mechanical behavior as they 99 require seconds to minutes to acquire, although some ultrasound shear wave elastography 100 implementations can provide more rapid measurements. As with all ultrasound measurements, ultrasound SWE requires appropriate practice to account 247 for probe location, orientation and pressure. The practice is completed when the experimenter is 248 able to perform reliable measurements (intra day or between days depending on the 249 experimental design). In addition, it measures the shear wave velocity in 2D, providing an 250 incomplete picture of the muscle mechanical behavior. Anisotropy can be easily measured in 251 fusiform muscles because in that case the shear wave propagation can be analyzed with respect 252 to the direction of muscle fibers (36). Because it is impossible to measure the shear wave velocity 253 along the muscle fiber direction of pennate muscles (i.e. the large majority of human muscles), 254 anisotropy is more problematic here than for fusiform muscles. In the case of a pennate muscle, 255
we recommend performing the measurement along the shortening/lengthening axis of the 256 muscle (27). Thus, the measurement reflects the muscle behavior that actually influences the 257 motion of the joint, exactly as it can be done in an isolated muscle using a material testing 258 machine (27) . 259 260 A recent study shows the feasibility of performing 3D measurements in the muscle using matrix 261 probes (37 been used in several studies that cover the dynamics of calf muscle under passive plantarflexion, 317 active isometric, plantar and dorsiflexion to evaluate normal, atrophied, and aging muscle (59) 318 (81) (82) (21). In this design, the foot rests on a carbon-fiber plate with an embedded optical 319 force transducer. For passive plantarflexion, the pedal is attached to a piston-cylinder device, 320 controlled by computer-driven servo-motor and connected by tubing to the piston-cylinder. The 321 angular motion of the foot-pedal is monitored by the digital output from the computer, which 322 also generates an R-wave-like trigger pulse used to gate the acquisition. 323 324
Analysis: The calculation of strain or strain rate tensor is similar with the former using the 325 displacement vector and the latter using the velocity vector (32) (81). In brief, for VE-PC data, 326 phase images are corrected for phase shading artifacts and denoised with an anisotropic 327 diffusion filter. The 2D spatial gradient of the velocity vector, L is calculated from the spatial 328 gradient of the velocity components v x and v y . The symmetric part of the strain rate tensor is 329 calculated from D=0.5(L+L T ) and diagonalized. The negative eigenvalue during passive 330 plantarflexion is denoted as SR fiber since its eigenvector is closest to the muscle fiber direction 331 and in the dorsiflexion stage, the negative eigenvalue changes to the orthogonal direction ( Figure  332 3). Methods. Diffusion tensor imaging (DTI) is an MRI technique that provides a measurement of the 368 extent and direction of diffusion of water molecules. DTI has long been used to reconstruct the 369 neuroanatomy of the brain. Its application to muscle fibers is rendered more difficult because of 370 the much shorter T2 relaxation times with consequent decrease in signal-to-noise ratio (SNR) 371 compared to the brain. But recently, DTI has been applied successfully to characterize muscle 372 structure in terms of various DTI parameters, such as its fractional anisotropy (a longitudinal to 373 cross-sectional ratio of diffusion within the fiber), primary, secondary and tertiary eigenvectors. 374
The diffusion properties allow the measurement of three-dimensional (3D) fascicle length and 375 orientation of muscle fibers in skeletal muscles and, potentially, the fiber length to fiber cross-376 section ratio and ellipticity of the cross-section. The fiber orientation measurements are based 377 on the principle that diffusion of water molecules occurs primarily in the axial direction of muscle 378 fibers because radial direction diffusion is obstructed by (presumably) cell membranes and intra-379 cellular obstructions (51). Previous studies have shown that DTI measurements of the primary 380 direction of diffusion are aligned with the long axis of muscle fascicles (23, 76). The theoretical 381 basis of DTI and the details of the data acquisition and post-processing procedures are beyond 382 the scope of this review, but can be found in two recent review papers (24, 69). 383 384 DTI-based measurements of fiber orientations can be made at a great number of locations in a 385 muscle and so provide useful information for characterizing the anisotropic mechanical behavior 386 of muscle tissue (73, 74). The 3D fiber orientations can also be used to generate curves that 387 follow the fiber orientation throughout a muscle. This procedure is called DTI tractography and 388 the curves are called fiber tracts. Fiber tracts are not direct representations of muscle fibers or 389 muscle fascicles (which are bundles of muscle fibers), as the number of fiber tracts generated 390 within a muscle can be arbitrarily chosen and the curves are infinitely thin (i.e. one-dimensional). 391
However, fiber tracts follow the direction of fibers throughout a muscle, so their lengths and 392 orientations reflect the fascicle lengths (defined as the length of a bundle of fibers from its origin 393 to insertion on tendons or aponeuroses) and pennation angles of the muscle. Tractography has 394 been used successfully to measure the 3D architecture of various human muscles in vivo (e.g. 9, 395 33, 93) (see Fig 4, which shows examples of muscle fibers tracked in the lower leg (a) and in the 396 human female pelvis (b)). 397 398
<insert Figure 4 about here> 399 400
Critical evaluation. The major strength of DTI is that it provides in vivo fiber orientation 401 measurements at high resolution, in whole human muscles and in 3D. This information is difficult 402 or impossible to obtain with other imaging methods such as ultrasonography, which is primarily 403 2D and provides images that are smaller than most human muscles, or conventional MRI scans, 404 which lack the resolution to discern individual muscle fibers. On clinical 3-Tesla MR scanners, DTI 405 scans of whole human limb muscles take around ~8-15 minutes to obtain (depending on 406 resolution, details of the protocol and scan volume), which makes DTI feasible for both basic 407 physiological studies as well as clinical research on human muscles in vivo. Furthermore, DTI-based measurements of muscle architecture of the human gastrocnemius are 419 similar, on average (though not in individual measurements), to measurements made with 420 ultrasound (11). Other data show realistic fascicle lengthening in the gastrocnemius and the 421 soleus muscles when DTI scans are obtained at different muscle-tendon lengths (9, 10).
422
A challenge for accurate measurements of muscle architecture using DTI tractography is that 423 fiber tracts (the curves that are obtained through DTI tractography) often terminate 424 intramuscularly or cross-over to adjacent muscles. There is evidence that (real) muscle fibers can 425 terminate intramuscularly (72). However, it is unlikely that intramuscular endpoints of fiber 426 tracts accurately reflect these intramuscular endpoints, because the location of fiber tract 427 endpoints depends strongly on the stopping criteria used in DTI tractography and the noise level 428 of the scan. Intramuscular endpoints of fiber tracts are thus more likely an artefact of DTI 429 tractography, which can be remedied by the application of anatomical constraints which ensure 430 that fiber tracts originate and insert on tendinous structures (9). More thorough validation of 431 DTI-based measurements, especially when made on human muscles using the same scanners 432 and protocols as used for in vivo studies, will likely increase the application of DTI in muscle 433 mechanics research. 434 435 436
A potential limitation of DTI in clinical studies is the effect of intramuscular fat on diffusion 437
properties of muscle tissue. The presence of fat leads to higher uncertainty in fiber orientation 438 measurements (22, 89), and may limit the accuracy of DTI-based reconstructions of fiber 439 architecture of diseased muscles, in which fatty infiltration can be significant. It is likely that with 440 improved fat suppression techniques (17), filtering the DTI data (60), and excluding regions with 441 high fat content from the analysis (44), the confounding effects of fatty infiltration can be 442 alleviated. 443 444
Applications. DTI measurements of fiber orientations have been used to identify differences in 445 mechanical properties (38, 74) and deformation patterns (28, 70) in directions parallel and 446 perpendicular to fibers. On the whole-muscle level, DTI has been used in combination with 447 tractography algorithms to measure changes in muscle architecture with passive length changes 448 (9, 10, 62, 83) . DTI has also proven useful in biomechanical modelling studies, where information 449 about fiber orientation is essential to accurately simulate the anisotropic behavior of muscle 450 tissue (1, 12, 86) . DTI has also been used to study changes in muscle fiber structure (DTI indices) 451 and architecture associated with aging (80). In both the lateral and medial gastrocnemius, fiber 452 lengths were shown to be significantly reduced, while the primary, secondary and tertiary 453 diffusion tensor eigenvalues increased with age, underlining the complex dependence of these 454 parameters on fiber atrophy and increased fibrosis. 455 456
Only two studies have used DTI to identify differences in muscle properties between healthy and 457 diseased muscles in humans in vivo (44, 94) . Both these studies focused on differences in 458 diffusion properties and not on differences in muscle architecture. 
